I. Introduction
When teaching electrical and electronics engineering dynamic systems at Mexican universities, it is very common that students get confused because there is a void between mathematics and electrical real world in teaching-learning process, so it is very important to appropriately established a link in order to help students the comprehension of concepts and to improve their academic performance [1] [2] [3] . In standard literature, several considerations are made in order to simplify the mathematical models describing actual dynamic systems and their operating conditions. However, these assumptions normally result in dynamic and steady-state errors. When these simplified models are used for implementing a closed loop system, then the controller have to deal with that lack of accuracy [4] . On the other hand, when these simplified models are employed for analysis, rigorous conclusions may be compromised due to the inaccuracies of the model.
It is standard to assume that the parameters involved in such mathematical descriptions remain constant during any operating condition. In practice, each one of the parameters depends on at least one particular state variable that is related to the actual transient and steady state operating conditions. In this work, several steady state and transient tests are performed on a shunt-connected DC machine in order to obtain some experimental data. These experimental results suggest that several types of nonlinear algebraic functions are necessary to describe of the parameters. Once the experimental data are obtained, an off-line calculation is carried out to derive the functional descriptions for all of the parameters. Models of these DC machines have been studied in the literature. For example in the seminal work [5] several models and methods to calculate the different parameters of a DC Servomotor are presented. However, these parameters are valid for certain operating conditions. All of the presented models are derived by considering several assumptions and neglecting some effects of the electric machine. In [4] , a method is first proposed to classify the DC machine containing unknown parameters as one of the presented classes based on transient behavior, voltage and current readings; then the parameters are calculated by using the given equations.
Later in [6] a different yet very complex method to calculate the parameters of a DC Machine is proposed. This method is based on Genetic Algorithms; it demands extensive calculating operations and computer resources.Then in [7] another method that employs the Adaptive Tabu Search Technique is presented. Using a recursive method and experimental data, the parameters of a separately excited DC Motor are calculated.In this particular case, different experimental rotor speeds associated to several armature voltages are employed. However, the obtained parameters are constant for any operating condition.In [8] it was derived a method similar to the one presented in this paper, but with important differences regarding the results. In [8] , a dynamometer and discrete readings are used to calculate the parameters. Using a Kalman Filter the angular acceleration is estimated and then utilizing a least-square algorithm accurate parameters are obtained. Later in [9] , a separately excited DC motor is studied by employing a procedure called method of moments. The application of this method requires linearization which means that the obtained model and parameters will only be valid in the vicinity of the equilibrium point used to derive them.
The main difference between all these results and ours relies on the mathematical description for the obtained parameters. In other words, these mentioned references result in constant parameters whilst our study derives nonlinear algebraic approximations that prove to be valid even during large scale transients. It is important to note that a brief description of the main result of this paper is presented as a part of work [10] .
II. Dynamic Modeling
Let us consider (1) that defines the rotor speed of a DC machine where is the rotor speed, is a constant defined by the design of the winding, is the direct-axis air gap flux, is the armature current, the load torque, the torque loss and is the inertia.
In addition, the dynamics of the armature current is represented by (2) , where is the armature current, is the voltage at the armature terminals, is thearmature self-inductance and is the armature resistance.
Besides, the field current is defined by (3), where is the field current, is the voltage at the field terminals, is the field self-inductance and is the field resistance.
III. Functional Approximation
This section deals with the description of the experimental tests necessary for deriving the nonlinear algebraic equations for the parameters.
Direct-axis air gap flux
The direct-axis air gap flux is normally associated to the field current. A standard assumption for the ideal DC machine is that magnetic saturation is neglected. In other words ; where is the mutual inductance between the armature and field windings. However, experimental data show a non-linear relationship between and or equivalently between the armature voltage ( ) and field current ( ). It is important to note that the inductance does not physically exist; it is used as a tool for representing a flux that appears in the armature winding as a result of a current flowing in the field winding.
In order to determine as a function of the field current a standard experimental testis employed. This test consists of using the DC Machine as a generator coupled to a prime motor running at a constant angular speed. Different DC voltages are applied to the field winding of the DC Machine whereas the armature winding is left open. Since during this test the armature current , and , (2) can be rewritten as:
This extensive experiment is carried out considering nine different angular speeds whereas different voltages are applied to the field winding. A set of experimental data is obtained for each one of the following experimental rotor speeds: 191, 391, 591, 792, 992, 1192 1391, 1491, and 1790 rpm. During each test for a particular rotor speed, the steady state versions of the field current and armature voltage are measured. Table 1 shows the experimental data obtained for a particular rotor speed ( =992 rpm =103.882 rad/s.). The is clearly calculated by utilizing (4). Each one of the experimental datum that is obtained for each one of the nine rotor speeds is depicted in Fig. 1 as an asterisk. It is clear that the relationship between direct-axis air gap flux and the field current suggests a square root function as it is shown in (5). Fig. 1 depicts both the experimental data and the corresponding data obtained by using the function-based representation given by Equation (5) . In this investigation, a modified version of the rational function technique is employed for calculating the coefficients of the following functional approximation (see [11] [12] [13] ).
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Fig. 1.
Experimental Data (*) and Functional Approximation (-).
Field and armature resistance
Field and armature resistance are obtained by utilizing a steady-state test. It consists of applying individually several DC voltages to each one of the windings and measuring the corresponding steady-state current. Then, the resistances are calculated by employing a basic fundamental law. The experimental data defines a parabolic-like behavior for both resistances as a function of the corresponding current. Using the least square method (see [14] [15] ), (6) and (7) are derived: (6) (7) Fig. 2 shows the experimental data and functional-based results for both resistances. 
Field and armature self-inductance
A transient test is performed to determine the field self-inductance. A step of a DC voltage is applied at the winding terminals. The transient behavior of the current is recorded by employing a digital oscilloscope. On the other hand, it is well known the expression that represents the transient of a series-connected R-L circuit. In particular, the field current is defined as the response of an R-L circuit, i.e. (8) . The time constant (denoted by ) is determined by observing the experimental trace of the current. Then, the corresponding field self-inductance can be calculated since the field resistance and the time constant are already known ( .During this test the armature winding is not powered up. The above test is carried out using different field voltages; therefore different values for the inductance are obtained.The armature self-inductance is determined by employing a similar transient test as the one described for the field selfinductance. In this case, the field winding is not powered up. The DC voltage is applied at the terminals of the armature. During this test the rotor speed is zero since the generated electric torque is not even enough for overcoming the start-up losses. Under these conditions, the rotational voltage that appears in Equation (2) as is equal to zero. The resulting state equation for the armature current corresponds to a standard seriesconnected RL circuit, that is shown by (9) .
Under the above conditions, the transient defined for the armature current is analogous to the one represented in (8) for the field current. Once that the experimental transient behavior of the armature current is recorded, the corresponding time constant (denoted by ) can be determined. Now, the armature selfinductance can be calculated since the armature resistance and the time constant are already known ( ).
As the test for the field inductance, the armature test is performed utilizing different armature voltages; therefore different values for the inductance are obtained. The experimental data obtained for both the armature and field self-inductances show a behavior similar to that defined by a polynomial function depending on the square root of the current. Coefficients for the inductances' representations are calculated by utilizing the modified version of the rational function technique (see [6] [7] [8] ), i.e. (10) and (11), where the absolute value is used to avoid the square root of a negative current.
(10) (11) Field self-inductance and armature self-inductance are shown in Fig. 3 , which depicts the experimental data and the calculated data by using the functional approximation given by (10) and (11). 
Inertia
The inertia is determined by employing the retardation test. During this experiment a DC voltage is applied to both the armature and field windings. There is no mechanical load connected to the shaft of the DC machine, that is . With these assumptions, the steady state version of (1) may be written as (12) , where is defined by (5) . The description for that is based on (5) provides a better model than the representation based on the traditional linear model ( ), (12) is also employed for calculating once the steady state values of the field and armature currents are measured.
(12) With the electric machine operating in a steady state condition, the armature voltage is removed. Under these conditions ( and ), the dynamics of the rotor speed can be derived from (1), resulting (13) . (13) The transient rotor speed is then measured. It is the experimental version of the dynamics defined by (13) . This measured trace is used for estimating its slope as an approximation of the derivative in (13) .Then, the inertia can be calculated by rewriting the above equation, that is (14) , where the suffix refers to the slope calculated from the acquired experimental rotor speed. From Table 2 , it can be noted that the maximum error of estimation of the inertia is about . Arithmetic mean of the set of values will be used as an estimation of the inertia. In Fig. 4 , both the measured rotor speed and its simulated transient behavior are shown. The simulated trace is obtained by integrating (13) and using the estimated inertia. 
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IV. Findings And Comments
The functional approximations of the parameters are used to validate the transient behavior of the state variables during a nonlinear dynamic test. The electric machine is initially stalled when armature and field voltages are applied simultaneously. Then, a random set of load torque steps is applied. These perturbations are large enough for producing a nonlinear large-excursion behavior of the state variables. During this test, transient values for the parameters occurred as the state variables vary.The experimental dynamics of the rotor speed, armature current and field current are measured. The DC motor is shunt connected; therefore the same voltage is applied to the field and armature windings. This voltage is also measured. For the purpose of measuring all of the variables, a hardware/software real time platform is used. The main components of this platform are: a personal computer containing a PCI Bus, a NI PCI-6024E data acquisition card and a free open source Linux distribution (Knoppix 5.0) including a real time patch [16] . Field and armature currents are measured by employing two Nana Electronics SHR-100 hall effect sensors [17] .
An encoder and a custom-made microprocessor-based electronics design are used for measuring the dynamics of the rotor speed. During the experimental test, the dynamics of the load torque and torque loss are not measured; they are estimated by a nonlinear state affine observer. In order to compare experimental and simulated results the nonlinear dynamic state equations defined in expressions (1-3), they are numerically solved in a digital computer. The simulation also includes the mathematical description for the parameters given by (5-7) and (10) (11) . The same initial conditions for the experimental test and for the simulated model are established. Fig. 5 depicts the measured and simulated dynamics of the armature current. The initial peak of the armature current corresponds to the start-up current. The other peaks are due to the application of the steps of load torque. There are some periods of time in Figure 5 where a non-zero steady current appears. For example, there is a constant current between 5.5 and 6.5 seconds. This current is clearly associated to the electric power necessary for overcoming the torque loss. It can be seen that in spite of the large-excursion of the armature current, the augmented system (state equations + parametric expressions) proves to be a very accurate mathematical representation of the experimental system during transient and steady state conditions. There is no appreciable difference between the simulated and measured behavior.The importance of the trace depicted in Fig. 5 is related to the fact that the state equation of the armature current directly or indirectly depends on every state variable and their associated parameters.Significant parameter excursions occur during normal operation of the electric machine. For example, the armature self-inductance at the peak value of the start-up armature current can be as much as three times the armature self-inductance at zero armature current, i.e.
. It is important to recall that the standard full-order dynamic model for a shunt-connected DC machine is nonlinear. Normally, this standard dynamic model does not consider parametric variations. In our case, parametric variations are now defined by the nonlinear algebraic equations (5-7) and (10) (11) . If these improved mathematical descriptions for the parameters are substituted into the state equations (1-3), a new model with an increased nonlinearity is derived. 
V. Conclusion
In this work several nonlinear algebraic approximations are derived for describing the parameters behavior of a DC machine. The natural behavior of the parameters appears to suggest that these functional approximations are well behaved even during out of the range operation. A new nonlinear large-excursion dynamic model results of combining the standard nonlinear state space description and these parametric functional approximations. This detailed dynamic model can be employed for controller design and analysis. In the other hand, students were able to interpret that the results presented an important relationship between estimated and measured values, so they develop a whole vision of the system dynamic and improve their academic performance in the subject by linking numerical methods, electromechanical systems modeling and data acquisition. Table 3 shows results obtained by students who were thought by traditional Mexican universities class methods and those ones who were thought by proposed method. 
